The cuticle is a waxy composite that protects the aerial organs of land plans from non-stomatal water loss. The chemical make-up of the cuticular wax mixture plays a central role in defining the water barrier, but structure-function relationships have not been established so far, in part due to gaps in our understanding of wax structures and biosynthesis. While wax compounds with saturated, linear hydrocarbon tails have been investigated in detail, very little is known about compounds with modified aliphatic tails, which comprise substantial portions of some plant wax mixtures. This study aimed to investigate the structures, abundances and biosynthesis of branched compounds on the species for which wax biosynthesis is best understood: Arabidopsis thaliana. Microscale derivatization, mass spectral interpretation and organic synthesis identified homologous series of iso-alkanes and iso-alcohols on flowers and leaves, respectively. These comprised approximately 10-15% of wild type wax mixtures. The abundances of both branched wax constituents and accompanying unbranched compounds were reduced on the cer6, cer3 and cer1 mutants but not cer4, indicating that branched compounds are in part synthesized by the same machinery as unbranched compounds. In contrast, the abundances of unbranched, but not branched, wax constituents were reduced on the cer2 and cer26 mutants, suggesting that the pathways to both types of compounds deviate in later steps of chain elongation. Finally, the abundances of branched, but not unbranched, wax compounds were reduced on the cer16 mutant, and the (uncharacterized) CER16 protein may therefore be controlling the relative abundances of iso-alkanes and iso-alcohols on Arabidopsis surfaces.
Introduction
Most aerial plant surfaces are covered with a layered, lipophilic cuticle that prevents non-stomatal water loss and constitutes a first line of defense against herbivory and pathogens (Yeats and Rose 2013) . The cuticle is located on the outer side of epidermal cell walls and consists of cutin and wax. Cutin is a polyester matrix that provides structural support and influences cuticle biomechanics (Heredia 2003 , Dominguez et al. 2011 . Cuticular wax is a mixture of very-long-chain fatty acid (VLCFA) derivatives, found in and on top of the cutin matrix, that self-assembles and seals the surface against water loss (Bargel et al. 2006 , Koch and Ensikat, 2008 , Isaacson et al. 2009 , Koch et al. 2009 , Yeats and Rose, 2013 . The absolute and relative amounts of cuticular wax compounds vary widely between plant species and organs, and the composition of the wax mixture directly affects the physiological water barrier properties of the cuticle (Buschhaus and Jetter 2012) .
Cuticular wax mixtures typically contain homologous series of aldehydes, alkanes, primary alcohols, wax esters and fatty acids with fully saturated, straight-chain hydrocarbon backbones. These ubiquitous wax components are all formed from long-chain fatty acids (LCFAs) biosynthesized de novo in epidermal cell plastids by the condensation of an acetylCoA starter molecule (a C 2 compound) [throughout this report, C n designates total carbon number (TCN)] with malonyl-acyl carrier protein (ACP) and subsequent reduction of the b-carbon to generate butanoyl-ACP (a C 4 chain, Fig. 1A ). Repeat condensation/reduction cycles generate C 16 LCFA precursors for membrane and storage lipids, as well as for extracellular lipids such as cutin and waxes .
Some LCFAs are delivered to the endoplasmic reticulum (ER), where they are converted into the acyl-CoA substrates A valine-derived starter elongated with malonyl-CoA yields iso-alkanes with even backbone and odd TCN parities and iso-alcohols with odd backbone and even TCN parities, while a leucine-derived starter elongated with malonyl-CoA yields iso-alkanes with odd backbone and even TCN parities and iso-alcohols with even backbone and odd TCN parities. (C) An acetyl-CoA starter elongated with malonyl-CoA and, at some stage, one methyl malonyl-CoA yields alkanes with even TCNs and an in-chain methyl group, as well as primary alcohols with odd TNCs and an in-chain methyl group. (D) An acetyl-CoA starter elongated with malonyl-CoA may generate a LCFA that, once desaturated, may be methylated with S-adenosylmethionine (SAM) and then enter the wax precursor elongation and modification, yielding alkanes with even TCNs and an in-chain methyl group, as well as primary alcohols with odd TCNs and an in-chain methyl group. Abbreviations: DE, decarbonylation pathway, AR, acyl reduction pathway.
decarbonylation pathway, consists of a reduction step yielding aldehydes with even TCNs and a decarbonylation step generating alkanes with odd TCNs ( Fig. 1; DE) . In Arabidopsis these steps are catalyzed by the CER3 and CER1 enzymes, respectively (Bernard et al. 2012 ). In the parallel acyl reduction pathway, acyl-CoAs are reduced in a single step to alcohols with even TCNs ( Fig. 1; AR) , in Arabidopsis catalyzed by the fatty acyl-CoA reductase CER4 (Rowland et al. 2006) . The resulting alcohols are available for esterification with fatty acyl-CoAs to produce alkyl esters, in Arabidopsis catalyzed by the wax ester synthase WSD1 (Li et al. 2008) . Finally, based on the presence of free VLCFAs in almost all plant wax mixtures, the existence of a fatty acid-forming pathway seems likely, though no gene or enzyme candidates for it have been identified. Thus, the diversity of wax constituents with straight hydrocarbon chains and varying TCNs and functional groups is generated by the combination of chain-length-determining and head-group-modifying pathways, and the enzymes involved in these have largely been identified in Arabidopsis. However, further wax constituents with modified hydrocarbon chains have been reported from a variety of species. For example, both iso-alkanes with exclusively odd TCNs and/or anteiso-alkanes with exclusively even TCNs have been found on leaves of Nicotiana benthamiana (Mold et al. 1964 , Weete et al. 1971 , Severson et al. 1984 , Slocombe et al. 2008 , several Brassica species (Kolattukudy 1968 , Netting et al. 1972 , Baker and Holloway 1975 , Tassone et al. 2016 , several Solanum species (Vogg et al. 2004 , Szafranek and Synak 2006 , Leide et al. 2007 , Isaacson et al. 2009 , Kosma et al. 2010 , Nadakuduti et al. 2012 , Smirnova et al. 2013 and Camelina sativa (Razeq et al. 2014) . Alkanes with in-chain methyl branches or cyclopropyl rings, with exclusively even TCNs, have been identified on Hordeum vulgare (von Wettstein-Knowles 2007), and iso-branched primary alcohols and fatty acids with exclusively even TCNs have been reported from Brassica oleracea (Baker and Holloway 1975) .
It has long been assumed that the presence of compounds with branched hydrocarbon chains, in insect and plant cuticular waxes, modifies the packing of aliphatic tails and, thus, the physical properties of the wax mixtures, and the water barrier properties of the cuticle (Hadley 1978, Rourke and Gibbs 1999) . However, the degree to which hydrocarbon structure diversity may affect the eco-physiological properties of plant waxes is unclear. The contribution of branched-chain wax compounds to cuticle structure-function relationships may be assessed only based on a comprehensive understanding of their structures, abundances and biosynthesis. The biosynthetic pathways leading to branched-chain wax constituents must involve mechanisms to install the branch, to generate the VLC hydrocarbon chain and to modify the head group. Unfortunately, the exact sequence of these steps is not known to date.
Regarding branch installation, it has been demonstrated that in Solanum lycopersicum and Nicotiana glutinosa branched LCFAs are biosynthesized from amino acid-derived branched starter molecules (Kroumova et al. 1994) , and it has been hypothesized that in broccoli and Arabidopsis such branched LCFAs may be converted into branched acyl-CoAs for wax biosynthesis (Kolattukudy 1968 , Li et al. 2003 . By this mechanism, valine-derived starters should be elongated to iso-acyls (i.e. o-2 branching) with even TCNs (Fig. 1B) , while leucine-derived starters should lead to iso-acyls (i.e. o-2 branching) with odd TCNs (Fig. 1B) , and isoleucine-derived starters to anteiso-acyls (i.e. o-3 branching) with odd TCNs. Alternatively, methyl branches might be introduced through incorporation of methyl malonyl-CoA during LCFA de novo biosynthesis or VLCFA elongation (Fig. 1C) , as is thought to happen in insect cuticle biosynthesis (Howard and Blomquist 2005) . In plant wax biosynthesis, methyl malonyl-CoA incorporation could lead to acyl-CoAs with anteiso-branches (i.e. o-3 branching), or else with branches exclusively on even-numbered mid-chain carbons (i.e. C-4, C-6, etc.) or the a-carbon (C-2) (Fig. 1C) . Finally, methyl branches may also be installed by methylation of a carbon-carbon double bond with S-adenosylmethionine, as occurs in certain species of algae (Fehler 1972) and probably also in barley spikes (von Wettstein-Knowles 2007) . In such reactions, the carbons on either side of the double bond are methylated such that two isomers with methyl groups on adjacent carbons are formed in roughly equal proportions. In summary, there are three general mechanisms by which branches might be installed, each of which leads to a set of products with unique branch positions, TCNs and/or isomer compositions. Accordingly, it should be possible to use the isomer composition of the branched wax components to infer the mechanism by which methyl groups are introduced into branched wax compounds.
Regarding the mechanisms leading to VLC branched compounds, it has been hypothesized that branched LCFAs may be handled by biosynthetic pathways analogous to those generating unbranched wax compounds. Thus, branched LCFAs might be delivered to the ER, converted into branched acyl-CoAs, elongated to VLC acyl-CoAs and head group-modified into branched wax compounds. However, the ratio of branched to unbranched wax compounds is affected on certain mutant lines of Brassica oleracea, Lycopersicon esculentum (Solanum lycopersicum) and Hordeum vulgare (Baker and Holloway 1975 , Vogg et al. 2004 , von Wettstein-Knowles 2007 , suggesting that at least part of the pathways to branched and unbranched wax compounds are different, and prompting several questions. Do certain wax biosynthesis enzymes have preferences for or against branched substrates? Are there different (probably homologous) enzymes on the pathways leading to branched and unbranched wax compounds? Are there enzymes that play roles in the biosynthesis of both branched and unbranched compounds?
To answer these questions, the structures and abundances of branched wax compounds must be determined on a species with well-characterized wax biosynthesis pathways and available wax biosynthesis mutant lines, such as A. thaliana. Arabidopsis is known to bear iso-alkanes (Bourdenx et al. 2011 ) and putative branched alcohols (Buschhaus and Jetter 2012, Reisberg et al. 2013) . However, the exact structures of the branched compounds on Arabidopsis and their abundances on wax biosynthesis mutants have not been determined, except for one report showing that the cer16 mutant has reduced amounts of branched wax alcohols (Reisberg et al. 2013) . Therefore, the present study was undertaken with the goals of (i) elucidating the structure(s) of branched wax compounds on Arabidopsis surfaces; and (ii) quantifying these compounds on various mutants of known wax biosynthesis genes. For this, waxes from Arabidopsis stems, siliques, flowers and leaves were extracted and analyzed with gas chromatography-mass spectrometry (GC-MS) and gas chromatography-flame ionization detection (GC-FID).
Results
This investigation aimed to detect, identify and quantify branched components in Arabidopsis cuticular waxes, and to test which wax biosynthesis genes are involved in their formation. For structure elucidation, the wax mixtures were separated by thin-layer chromatography (TLC), the resulting fractions derivatized to probe for functional groups and the GC-MS characteristics of all derivatives compared against synthetic standards for two classes of branched compounds. Subsequently, identified branched compounds could be quantified in various organs of Arabidopsis wild type and wax biosynthesis mutant lines.
First, the waxes on wild type Arabidopsis stems, siliques, flowers and leaves were analyzed with GC-MS to search for unknown compounds. Besides the typical, unbranched wax constituents, several novel components were detected which could be assigned to two homologous series, A and B, based on MS fragmentation patterns and GC retention indices. Series A was found primarily in flower wax, and in trace amounts in leaf and stem waxes. In contrast, series B accumulated primarily in leaf wax, occurring only at trace levels on flowers. Neither series was detectable in silique wax.
Structures of branched aliphatic wax compounds in series A
To elucidate the structures of the compounds in A, wild type Arabidopsis flower wax was fractionated with TLC. Series A was found in the same fraction as unbranched (n-)alkanes (identified by GC-MS comparison with authentic standards), suggesting that compounds in A had very low polarity and probably hydrocarbon structures devoid of functional groups. Compounds in A could all be separated by GC from the accompanying n-alkanes, eluting at constant intervals about 0.7 min before each n-alkane under the conditions used here ( Fig. 2A, top panel) . Accordingly, the GC retention indices of compounds in A increased linearly ( Supplementary Fig. S1 ), matching those that had been reported for iso-alkanes (Kusmierz and Malinski 1985) . The mass spectra of all compounds in A were characteristic of alkanes, with series of abundant alkyl fragments m/z 57, 71, 85, etc., and molecular ions isobaric with those of the respective n-alkanes eluting immediately afterwards (Fig. 2B, top panel) . Prominent fragments [M-15] + and [M-43] + , contrasting with low-abundance ions [M-29] + , indicated the favored loss of methyl and propyl rather than ethyl groups from the molecular ion. All the GC (1), obtained by oxidizing tetracosanol, was coupled with a isoamyltriphenylphosphonium ylide (2) to generate a C 29 iso-alkene that could be reduced to the corresponding C 29 iso-alkane. and MS observations thus supported the hypothesis that the compounds in A were a homologous series of iso-alkanes. Conversely, it could be ruled out that series A was composed of hydrocarbons with mid-chain methyl branches.
The structure assignments for compounds in A were validated by comparison with a synthetic C 29 iso-alkane standard. For this, tetracosanol was first converted into tetracosanal (1), and the latter was coupled with an isoamyl triphenylphosphonium ylide (2; Fig. 2C ). The resulting C 29 iso-alkene (3) was then reduced with hydrogen using a palladium catalyst to yield the C 29 iso-alkane, 2-methyloctacosane (4). This synthetic standard had GC retention ( Fig. 2A , bottom panel) and MS fragmentation characteristics (Fig. 2B , bottom panel) matching those of one homolog in A. Considering all the GC-MS data together, the compounds in A were unambiguously identified as C 27 , C 29 , C 30 and C 31 iso-alkanes.
Structures of branched aliphatic wax compounds in series B
For identification of series B, the Arabidopsis leaf wax mixture was separated by TLC. Compounds in B were found in the same fraction as the unbranched (n-)primary alcohols (identified by GC-MS comparison with commercial standards), indicating that the n-alcohols and compounds in B were isomeric and had similar polarity. Both compound classes could be transformed into trimethylsilyl (TMS) ether derivatives with regular GC retention patterns where each homolog in B eluted approximately 0.7 min before an n-primary alcohol homolog (Fig. 3A , top panel). Retention indices of compounds in B increased linearly ( Supplementary Fig. S1 ). The mass spectra of the (TMS-derivatized) compounds in B were identical to those of n-primary alcohols, with characteristic fragments m/ z 73 [Si(CH 3 ) 3 ]
+ and 103 [CH 2 OSi(CH 3 ) 3 ] + indicating the presence of a primary hydroxyl group (Fig. 3B, top panel) . Chain length-specific fragments [M-15] + were isobaric between each unbranched alcohol homolog and the compound in B eluting directly before it. Together, these data indicated that compounds in B were a homologous series of primary alcohols, probably with branched hydrocarbon chains. However, the exact backbone branching geometry cannot be inferred from the GC-MS data of the natural products alone. It seemed possible that compounds in B could be primary alcohols with hydrocarbon backbones bearing a methyl branch near the oend (iso-or anteiso-alcohols), on the a-end (2-methyl alcohols) or somewhere in the middle of the chain.
To test whether compounds in B had iso-alcohol structures, a C 30 iso-alcohol standard was synthesized. For this, docosanedioic acid was converted in two redox steps to docosanedial (6), and the resulting dialdehyde was coupled simultaneously with half an equivalent of both a (3-benzyloxypropyl)triphenylphosphonium ylide (7) and an isoamyltriphenylphosphonium ylide (2), to produce a benzyl-protected C 30 iso-alkene (8; Fig. 3C ). (6), obtained in two redox steps from docosanedioic acid, was coupled simultaneously with an isoamyltriphenylphosphonium ylide (7) and a (benzyloxypropyl)triphenylphosphonium ylide (8), which, after separation, yielded a protected, polyunsaturated C 30 iso-alcohol (9) that could be deprotected and reduced simultaneously to yield a C 30 iso-alcohol (10).
This compound was then reduced and deprotected by stirring with palladium on carbon under a hydrogen atmosphere, yielding a C 30 iso-alcohol, 28-methylnonacosan-1-ol (9). The GC retention time (Fig. 3A , bottom panel) and mass spectrum (Fig. 3B , bottom panel) of this synthetic standard matched those of one homolog in B, suggesting that this and all other compounds in the series were iso-alcohols. However, alternative structures, such as anteiso-, 2-methyl-or mid-chain-methyl alcohols, could not be ruled out, since they might have GC-MS behavior very similar to that of iso-alcohols. Further investigation was therefore necessary to determine fully the carbon backbone structures of the compounds in B.
In one further experiment, the compounds in B were transformed into alkanes in order to assess the number of branches and locate their position(s) relative to the chain termini. Following a method described by Baker and Holloway (1975) , an aliquot of the leaf wax TLC fraction containing series B was treated with PBr 3 , resulting in primary alkyl bromides, which were then reduced to alkanes with lithium aluminum hydride (LAH; Fig. 4A ). GC-MS analysis of the reaction products revealed a series of nine homologs with relative abundances similar to those of the original n-primary alcohols in the fraction (Fig. 4B) . Based on their mass spectra (Fig. 4C, top panel) , these compounds were identified as a homologous series of n-alkanes ranging from C 26 to C 34 . A second series of compounds, with relative abundances matching those of the original series B, was very probably the reduction product of B. Both the GC elution times of the newly formed compounds (0.7 min before the respective n-alkanes, Fig. 4B ) and their mass spectra (Fig. 4C , bottom panel) suggested that this was a series of iso-alkanes. Thus, this first experiment demonstrated that compounds in B were primary alcohols with one methyl branch adjacent to a chain terminus; however, it did not reveal whether the methyl branch was located on the a-or o-2 carbon.
In a final experiment, the compounds in B were transformed into corresponding aldehydes to probe for a-methyl branches. Aldehydes have characteristic MS fragmentation patterns due to McLafferty rearrangements involving the a carbon and its substituents, and characteristic fragments can thus be used to distinguish a-methyl aldehydes from straight-chain aldehydes (Gilpin and McLafferty 1957) . To verify that this is true for VLC aldehydes, a C 24 a-methyl aldehyde standard was synthesized ( Supplementary Fig. S2A ) and characterized. Indeed, the mass spectrum of the a-methyl aldehyde had a base peak m/z 58 and relatively low-abundance fragments m/z 82 and 96 ( Supplementary Fig. S2B, top panel) , whereas a C 24 n-aldehyde lacked the fragment m/z 58 and had prominent ions m/z 82 and 96 instead ( Supplementary Fig. S2B, bottom panel) .
In order to transform the compounds in B into corresponding aldehydes, a second aliquot of the Arabidopsis leaf wax fraction containing B was dissolved in dry dichloromethane (DCM) and oxidized with Dess-Martin periodinane (DMP; Fig. 5A ). GC-MS analysis of the reaction products revealed two homologous series. The first had nine members with relative abundances similar to those of the n-primary alcohols in the untreated TLC fraction (Fig. 5B ) and mass spectra with peaks at m/z 82 and 96, but no peak at m/z 58 (Fig. 5C , top panel). The compounds in this homologous series were thus identified as unbranched aldehydes C 26 -C 34 , formed by oxidation of the n-alcohols in the original fraction. The second homologous series contained four compounds each eluting approximately 0.7 min before an unbranched aldehyde, and relative abundances similar to those of the compounds in series B. The mass spectra of the compounds in this second series also exhibited prominent fragments m/z 82 and 96, identifying them too as aldehydes (Fig. 5C, bottom panel) , while lacking the signature fragment m/z 58 of a-methyl aldehydes (Fig. 5C, bottom panel) . It could thus be ruled out that the original compounds in B were a-methyl alcohols.
In summary, compounds in B were identified as isobranched primary alcohols. Arabidopsis flower and leaf waxes both contained homologous series of such iso-alcohols with mainly even TCNs ranging from C 30 to C 34 .
Accumulation of branched wax compounds in wild type waxes
To test whether enzymes forming unbranched wax components might also be involved in the production of branched compounds, the coverage and composition of both unbranched and branched compounds on flowers and leaves of Arabidopsis wild type and selected wax biosynthesis mutants were determined. Cuticular waxes extracted from mature Columbia (Col0) and Landsberg erecta (Ler) flowers and leaves were separated by GC, identified with MS and quantified with FID. The flower waxes of both Col0 and Ler contained ubiquitous compound classes with typical parity: fatty acids (C 24 -C 30 ), n-alcohols (C 22 -C 32 ), alkyl esters (C 36 -C 54 ) and aldehydes (C 26 -C 30 ), all with predominantly even TCNs, and n-alkanes (C 25 -C 33 ) mainly with odd TCNs (Supplementary Table S1 ). Col0 and Ler flower surfaces bore mainly n-alkanes ($3-4 mg mg -1 DW), small amounts of n-alcohols ($0.5 mg mg -1 ), together with isoalkanes ($1-1.5 mg mg -1
) and traces of iso-alcohols (Fig. 6A) . n-Alkanes were present primarily as the C 29 homolog, and nalcohols were present as C 26 , C 28 , C 29 and C 30 homologs, with the C 28 homolog slightly predominating (Fig. 6B) . The Col0 flower wax contained both the C 29 and C 31 iso-alkanes in approximately equal amounts, whereas Ler flower wax had about twice as much C 31 as C 29 iso-alkane (Fig. 6C) .
The leaf waxes from both ecotypes also contained ubiquitous compound classes of typical parity, including fatty acids (C 22 -C 34 ), n-alcohols (C 22 -C 34 ), alkyl esters (C 36 -C 48 ), aldehydes (C 26 -C 34 ) and n-alkanes (C 25 -C 37 ) (Supplementary Table S2 ). Col0 and Ler leaf surfaces bore mainly n-alkanes ($0.25 mg cm -2 ), n-alcohols ($0.05-0.1 mg cm -2 ), traces of iso-alkanes and some iso-alcohols ($0.05 mg cm -2 ; Fig. 6D ). The n-alkane fraction was composed of mainly the C 29 , C 31 and C 33 homologs, with C 31 dominating, while the n-alcohols were dominated by the C 28 homolog together with the C 26 , C 30 and C 32 homologs (Fig. 6E) . The leaf waxes of both ecotypes contained both C 29 and C 31 iso-alkanes as well as C 28 -C 34 isoalcohols, mainly the C 30 and C 32 homologs (Fig. 6F) . Overall, isobranched compounds were thus present in both flower and leaf waxes, predominantly with C 32 /C 31 TCNs, regardless of the chain length distribution of the corresponding, accompanying unbranched compound class.
Accumulation of branched wax compounds in wax biosynthesis mutants
The flower and leaf waxes of wax biosynthesis mutants cer1, cer3, cer4, cer6, cer2 and cer26 (all in the Col0 background) and cer16 (in the Landsberg background) were analyzed in the same way as the wild type waxes, and differences in the relative abundance of each compound between mutant and corresponding wild type surfaces were calculated for each organ. The cer1 and cer3 flower waxes contained significantly less nalkanes than the wild type (Fig. 7A) , and also less iso-alkanes (Fig. 7B) , while cer4 flower wax had reduced levels of n-alcohols (up to C 32 ), and only slightly less C 28 and C 30 iso-alcohols. In contrast, cer6 flowers had lower amounts of most compounds with >26 carbons, both branched and unbranched. The flower wax of cer2 also had decreased amounts of unbranched Fig. 7 Differences in Arabidopsis thaliana mutant and wild type flower wax coverage. Bar heights indicate the difference in the amount of (A) each n-alkane and n-alcohol and (B) each iso-alkane and iso-alcohol between each mutant and the corresponding wild type. Error bars indicate the SD of the difference between at least three independent samples of each mutant and wild type. Asterisks indicate significant differences determined using the Benjamini and Hochberg false discovery rate-(FDR) controlling procedure (q = 0.05).
compounds with >28 carbons, together with a slight decrease in the abundance of iso-alkanes, while cer26 flower wax was largely indistinguishable from that of the wild type. Finally, cer16 exhibited a significant decrease in most unbranched compounds, and was completely devoid of iso-alkanes.
The leaf waxes of cer1 and cer3 had much lower amounts of n-alkanes than the wild type (Fig. 8A) , along with slight decreases in most iso-alkanes as well as branched and unbranched alcohol homologs (Fig. 8B) . Leaves of cer4 had more alkanes than the wild type, slightly less n-alcohols with <30 carbons, Fig. 8 Differences in Arabidopsis thaliana mutant and wild type leaf wax coverage. Bar heights indicate the difference in the amount of (A) each n-alkane and n-alcohol and (B) each iso-alkane and iso-alcohol between each mutant and the corresponding wild type. Error bars indicate the SD of the difference between at least five independent samples of each mutant and wild type. Asterisks indicate significant differences determined using the Benjamini and Hochberg-(FDR) controlling procedure (q = 0.05). more of the higher n-alcohol homologs and more C 30 and C 32 iso-alcohols. Compared with the wild type, cer6 leaf wax exhibited massive reductions in nearly all compounds with >26 carbons, both branched and unbranched. cer2 leaves had slightly decreased iso-alkane abundance but an increased amount of C 32 iso-alcohol, while cer26 exhibited a reduction in the abundance of n-alkanes and n-alcohols with >30 carbons, and increases in C 29 n-alkane as well as C 28 and C 30 iso-alcohols. Finally, cer16 leaf wax contained significantly less C 28 -C 32 branched alcohols than wild type leaf wax.
In summary, for branched wax components, mutation of the genes encoding decarbonylation pathway enzymes (CER1 or CER3) led to lower amounts of leaf and flower iso-alkanes, while mutation of an acyl reduction pathway enzyme (CER4) led to increases of leaf iso-alcohols (along with decreases of branched and unbranched alcohols up to C 30 ). Mutation of the elongation enzyme CER6 led to severe decreases in most branched compounds on both organs, and elimination of other proteins involved in elongation, CER2 or CER26, caused relatively little change in branched compound abundance on flowers and a slight increase in branched alcohols on leaves. Mutation of CER16, a gene of unknown function, most drastically reduced the levels of branched compounds on both organs.
Discussion
The present analyses of branched compounds in Arabidopsis cuticular wax mixtures yielded several findings, each with implications on their formation. First, a set of experiments was carried out to define composition on the isomer level. Microscale derivatization and organic syntheses identified series of branched alkanes and alcohols with methyl groups exclusively on the o-2 carbon and thus with iso-branched structures. Next, quantitative analyses were performed to describe the homolog distributions of the branched compounds. Arabidopsis wild type flowers and leaves both bore classes of branched compounds with chain length distributions peaking at C 31 and C 32 , respectively, regardless of the distributions of accompanying unbranched wax constituents. Two Arabidopsis mutants known to exhibit shifts in chain lengths of unbranched wax compounds, cer6 and cer16, had drastically decreased abundances of branched compounds (compared with the wild type). In contrast, two other mutants also known to affect chain length distributions of unbranched compounds, cer2 and cer26, had largely unaltered amounts of branched compounds. Finally, the quantitative analyses also probed chemical composition on the compound class level. Here, mutations in genes known to affect compound class distribution, cer3, cer1 and cer4, also had altered levels of both unbranched and branched compounds, though in an organ-specific manner. These observations of isomer, homolog and compound class compositions can now be discussed, respectively, focusing on the introduction of methyl branches into the hydrocarbon chain, the elaboration of the branched chain by elongation and the final modification of head groups on those branched chains.
Introduction of methyl branches
So far, several hypotheses have been put forward to describe mechanisms by which methyl groups might be incorporated into alkyl chains of wax compounds. The outcome of each of these, as described in the Introduction, would lead to compounds with unique branching patterns and TCNs. Accordingly, it should be possible to infer likely mechanisms underlying the biosynthesis of the branched wax compounds found in Arabidopsis waxes by analyzing their chemical structures.
Previous reports had mentioned branched alkanes and alcohols with odd and even carbon numbers, respectively, as Arabidopsis wax components (Bourdenx et al. 2011 , Buschhaus and Jetter 2012 , Pascal et al. 2013 , Reisberg et al. 2013 . Both the branched alkanes and the branched alcohols were tentatively assigned iso-branch geometry, as no structural evidence was provided. Here, we present GC and MS data for various derivatives of the Arabidopsis branched wax compounds and comparisons with synthetic standards that enable their unambiguous identification for the first time. They were identified as iso-alcohols with even TCNs and isoalkanes with predominantly odd TCNs, and minor amounts of iso-alkanes with even TCNs. These classes had identical hydrocarbon branch patterns, so it seems likely that both compound classes are biosynthetically related, that they share common methyl-branched precursors and, to some degree, that they have common biosynthetic pathways.
Comparing the characteristic branching patterns of the Arabidopsis iso-alcohols and iso-alkanes with the isomer patterns predicted for the possible methyl branch introduction mechanisms (Fig. 1) , it is very likely that both compound classes are generated through elongation of starters derived from branched amino acids. Interestingly, those structures probably arising from valine-derived fatty acid synthesis starters were most prominent (C 30 and C 32 iso-alcohols, C 29 and C 31 isoalkanes), while leucine products (C 30 iso-alkane) were relatively minor components and isoleucine (anteiso-) products could not be detected. This result, in the light of previous reports indicating that all three starters are available in Arabidopsis metabolism (Taylor et al. 2015) , suggests that either valinederived starters are selectively incorporated into LCFAs or that only valine-derived LCFAs are used in the biosynthesis of branched wax compounds. Overall, we conclude that the methyl branches found in Arabidopsis wax constituents are introduced in the very first step of their biosynthesis, prior to elongation to the final hydrocarbon structure and further elaboration of the functional groups present.
In contrast to Arabidopsis, both iso-alkanes (with odd TCNs) and anteiso-alkanes (with even TCNs) had been reported to occur together in the waxes of other species, for example, on N. benthamiana (Mold et al. 1964 , Weete et al. 1971 , Severson et al. 1984 , Slocombe et al. 2008 , several Brassica species (Kolattukudy 1968 , Netting et al. 1972 , Baker and Holloway 1975 , Tassone et al. 2016 , several Solanum species (Vogg et al. 2004 , Szafranek and Synak 2006 , Isaacson et al. 2009 , Kosma et al. 2010 , Nadakuduti et al. 2012 , Smirnova et al. 2013 ), H. vulgare (von Wettstein-Knowles, 2007 and C. sativa (Razeq et al. 2014) . These patterns indicate that, unlike Arabidopsis, branched LCFAs in these species probably arise from both valine-and isoleucine-derived starters for fatty acid elongation. In other instances, alkane isomers were reported to have characteristic mid-chain branch patterns, leading the authors to conclude that they are formed by methylation of double bonds in H. vulgare spikes (von Wettstein-Knowles 2007) and by use of methylmalonate during fatty acyl elongation in Triticum aestivum flag leaves and peduncles (Racovita and Jetter 2016) 
Elongation of branched chains
Following incorporation of methyl branches into acyl precursors, elongation towards the branched VLCFA wax products must take place. Arabidopsis waxes contain branched alkanes predominantly with TCNs of C 29 -C 31 and alcohols with C 30/32 . This raises the question of whether elongation of the initial, branched precursors to the final chain lengths is catalyzed by the same enzyme systems also elongating the unbranched acyls, or whether dedicated elongation enzymes are involved. While little is known about elongation of branched chains towards C 16 iso-fatty acid in Arabidopsis epidermal cells, we assume that the extension to long-chain branched acyls occurs in plastidial fatty acid synthase complexes alongside unbranched fatty acid de novo synthesis. Instead, our discussion focuses on the further elongation of branched acyls to VLC compounds, presumably occurring in the epidermal ER.
Fatty acid elongation towards VLC acyls occurs in FAE complexes involving at least five different proteins, of which three (KCR, HCD and ECR) are thought not to have substrate or product preferences (Zheng et al. 2005 , Bach et al. 2008 , Beaudoin et al. 2009 ). In contrast, the KCS component of the FAE and the CER2-LIKE protein associated with it both impose strong chain length specificities to each elongation round Kunst 1997, Haslam et al. 2015) , raising the question of whether they may also have preferences for or against branched substrates. Accordingly, we analyzed the leaf and flower waxes of mutants in KCS and CER2-LIKE genes. Flower waxes of cer6 and cer2 (i.e. the two relevant genes expressed in flowers) were deficient in most compounds longer than C 26 and C 28 , respectively, consistent with previous reports on corresponding stem waxes (Millar et al. 1999 , Pascal et al. 2013 . Similarly, leaf waxes of cer6 and cer26 (i.e. the two relevant genes expressed in leaves) had reduced amounts of n-alcohols and alkanes longer than C 28 and C 30 , respectively, again in accordance with previous reports (Jenks et al. 1995 , Pascal et al. 2013 . Our mutant wax analyses thus support the current model for elongation, in which a CER6-bearing FAE can, alone, elongate n-acyl-CoAs up to C 28 , while CER2 or CER26 enable it to elongate further to C 30 and C 32/34 , respectively.
The cer6 flower and leaf waxes not only had reduced amounts of unbranched compounds relative to the wild type, but also had reduced amounts of corresponding iso-alkanes and iso-alcohols. From this, we conclude that unbranched and iso-branched precursors are probably both handled by the same FAE complexes, and that CER6 is crucial for elongation of branched acyls up to C 28 . In contrast, the cer2-like mutants had relatively little effect on branched-chain wax products, especially in the organs where each of the CER2-LIKEs is most important for CER6-dependent elongation. Thus, cer2 flower wax had unchanged or only slightly decreased levels of branched compounds with TCNs above C 28 , despite greatly reduced amounts of the corresponding unbranched isomers (relative to the wild type). In accordance with this result, cer26 stem wax had unchanged or even slightly increased amounts of branched compounds with TCNs above C 28 , again in stark contrast to the accompanying unbranched isomers. Therefore, we conclude that elongation of branched precursors beyond C 28 probably occurs largely independently of CER2-LIKE proteins, possibly even involving elongation machinery beyond CER6 and/or FAEs.
Most interestingly, the leaf and flower waxes of cer16 mutant plants both had significantly decreased amounts of branched compounds, while levels of unbranched compounds resembled those of the wild type. There are several possible explanations for these observations. One is that CER16 plays a role in generating iso-acyl-CoA wax precursors with chain lengths longer than C 28 , and hence in the formation of VLC iso-alkanes and iso-alcohols. If CER16 were to function as CER2-LIKEs in assisting CER6 to elongate beyond C 28 in the ER, the absence of a strong cer2 or cer26 branched compound phenotype could be explained. However, the characterization of the only three CER2 or CER2-like sequences in the Arabidopsis genome (Haslam et al. 2015) suggests that none of these is CER16. An alternative explanation for the cer16 phenotype is a role for CER16 in mediating the de novo formation of branched acyls in the plastids, or their subsequent transport to the ER. Tests of CER16 localization and function will have to wait until the causal mutation in the cer16 EMS mutant line is identified and the corresponding gene is cloned.
Overall, the homolog distributions of the two branched compound classes in Arabidopsis waxes peaked at C 32 , regardless of the distributions of the accompanying unbranched compound classes (C 29 n-alkane in flower wax, and C 28 n-alcohol in leaf wax). This strongly suggests that there is a pool of iso-acylCoA precursors with a TCN distribution peaking at C 32 that is drawn on by both the decarbonylation and acyl reduction pathways to produce iso-alkanes and iso-alcohols, respectively. Thus, we conclude that both iso-alkanes and iso-alcohols are mostly derived from iso-acyl-CoA precursors with even TCNs.
Modification of head groups on branched chains
Finally, the conversion of branched acyl-CoA precursors into final iso-alkane and iso-alcohol products was investigated by comparing Arabidopsis wild type and mutants affected in genes known to be involved in modification of the CoA thioester head groups. Wild type flower wax was primarily composed of C 29 alkane, secondary alcohols and ketones, confirming the scant information on Arabidopsis flower wax available to date (Panikashvili et al. 2011, Bernard and Joubès 2013) , and that Arabidopsis flower wax is overall similar to stem wax. Mutation of the genes encoding the enzymes catalyzing acyl transformation into alkanes, CER3 and CER1, led to severe reduction of the alkane, secondary alcohol and ketone levels in both flower and leaf waxes, again consistent with previous reports (Jenks et al. 1995 , Bernard et al. 2012 ). These results show that alkane wax biosynthesis in flowers involves the same pathway and enzymes as in leaves and stems, using mainly C 30 n-acyl-CoAs as precursors for reduction to C 30 aldehyde intermediates and further decarbonylation into C 29 alkanes (Bernard et al. 2012 , Haslam et al. 2015 .
Our detailed wax analyses also revealed that cer3 and cer1 flower waxes are deficient not only in n-, but also in iso-alkanes, suggesting that branched alkanes are biosynthesized along the decarbonylation pathway together with their unbranched counterparts. This notion is consistent with a previous report in which a CER1-overexpressor accumulated branched alkanes above wild type levels (Bourdenx et al. 2011) . Overall, these results lead us to conclude that the CER3 and CER1 enzymes accept branched acyl-CoA substrates, probabely first reducing them to iso-aldehydes which are then decarbonylated to form iso-alkanes with one less carbon.
Mutation of the gene encoding the central enzyme of the acyl reduction pathway, cer4, resulted mainly in reduced amounts of unbranched alcohols with TCNs up to C 30 , while higher unbranched (and branched) alcohol homologs accumulated to slightly higher amounts on cer4 leaves. In contrast, cer3 leaves exhibited the opposite trends, with significantly reduced amounts of C 30 and C 32 n-alcohols. Our findings thus largely confirm previous reports on the composition of leaf waxes from both mutants (Jenks et al. 1995 , Wang et al. 2016 , together suggesting that CER4 may not be the sole enzyme responsible for wax alcohol formation in Arabidopsis leaves. As CER3 contains a reductase domain (Bernard et al. 2012 ) converting (mainly) C 30 and C 32 acyl-CoAs into aldehydes, it may perhaps also catalyze the further reduction to the corresponding n-alcohols. So, it seems plausible that the C 30 and C 32 n-alcohols that are abundant in the leaves may in part be formed by CER3. CER4 may then be responsible for forming only a part of the leaf C 30 and C 32 n-alcohols, while forming the majority of the leaf C 26 and C 28 n-alcohols and the majority of the stem wax C 30 nalcohols (Rowland et al. 2006) . Interestingly, the abundances of the C 30 and C 32 leaf iso-alcohols were affected on the cer3 mutant, but not the cer4 mutant, suggesting that CER3 may also be involved in reducing iso-acyl-CoA precursors into isoalcohols.
In Arabidopsis stems, alkanes are not the final products of the decarbonylation pathway, but may be oxidized by the P450 monooxygenase MAH1 into secondary alcohols or ketones (Greer et al. 2007) . It seems very likely that the secondary alcohols and ketones found in flower waxes are generated in similar reactions from alkane precursors, and that branched secondary alcohols and ketones might therefore be formed from the branched alkanes present in flowers. Similarly, branched alcohols in the leaves might, along with their unbranched counterparts, be used by wax ester synthases such as WSD1 to form branched alkyl esters, similar to those reported from Brassica napus (Holloway et al. 1977) and A. thaliana (Reisberg et al. 2013) . However, we did not find evidence for the accumulation of branched decarbonylation pathway products in Arabidopsis waxes. This may suggest that MAH1 discriminates against branched substrates, or that branched alkanes are not available to this enzyme. It would be interesting to see if lines ectopically overexpressing MAH1 in Arabidopsis flowers accumulated isobranched secondary alcohols or ketones.
Conclusions
Here, Arabidopsis branched wax compounds were shown to have iso-branched structures. This suggests that these branches arise via initiating the de novo biosynthesis of wax-destined LCFAs with branched amino acid-derived starters. Whether preference for iso-branching is established by selecting mainly valine, some leucine but not isoleucine starters, or by discriminating between iso-and anteiso-products in downstream metabolic steps is unclear. Following de novo biosynthesis, iso-acyl-CoAs seem to be elongated in parallel with n-acylCoAs from C 16 to C 28 . Intriguingly, the CER6 enzyme accepts branched substrates even though it exhibits fairly strong chain length specificity, suggesting that it has an active site pocket that fits substrates tightly enough to exclude longer chains but can still accept substrates with branched chains. This might be explained by a binding channel that is restricted in length rather than in width near the o-end. Conversely, the CER2-LIKEs known to overcome CER6 chain length limitations (while imposing their own specificity for longer chains) should have binding pockets that can accommodate chain lengths beyond C 28 . Nonetheless, they do not seem to be major participants in the elongation of iso-acyl-CoAs beyond C 28 , thus apparently binding larger substrates only if they contain additional carbons in straight chains rather than in methyl branches. This, in turn, might be explained by binding channels that are restricted in width near the o-end rather than in length. Thus, iso-acyl-CoA elongation beyond C 28 may diverge from that of n-acyl processing. iso-Acyl-CoAs are preferentially elongated to C 32 , possibly mediated by CER16. Future investigations will reveal the mechanism(s) underlying this specificity and whether CER16 is involved. The final stages of branched compound biosynthesis again largely parallel that of unbranched compound biosynthesis, as the enzymes on the decarbonylation and acyl reduction pathways seem to handle branched and unbranched substrates about equally. We hypothesize that these enzymes bind only the a-end of their substrates tightly, where they also modify the head groups. From this it may follow that these modifying enzymes also have relatively little chain length preference. Finally, while this work demonstrates that at least one dedicated gene exists for the production of branched wax compounds and that such compounds are deliberate additions to Arabidopsis wax mixtures, the specific function of the branched wax compounds and how they might contribute to the ecophysiological function and physical properties of the cuticular wax mixture remains unclear. The results of this study are a first step toward developing the tools necessary to resolve such uncertainty.
Materials and Methods

Plant materials, wax extraction and GC analysis
Seeds of Arabidopsis wild type Col0 plants as well as the corresponding cer1, cer2, cer3, cer4, cer6 and cer26 mutants were cold treated and germinated on agar plates as previously described (Buschhaus and Jetter 2012) . Seeds of Arabidopsis wild type Ler plants and the corresponding cer16 mutant (ABRC) were germinated in the same way. Seedlings of all plant lines were transferred to soil once they had developed rosette leaves and were then cultivated in a growth chamber as described previously (Lai et al. 2007) .
Wax samples were prepared from Arabidopsis stems, leaves, siliques and flowers, and were analyzed with GC-FID and GC-MS to determine wax composition as described previously (Buschhaus and Jetter 2012) . For a single flower or silique sample, at least 25 mg of dry plant material was used.
TLC purification and microscale transformation of wax compounds
Primary alcohols were purified by TLC. A TLC plate (Analtech, 0.25 mm) was loaded with crude leaf wax obtained via chloroform extraction, then developed with CHCl 3 : EtOH (99 : 1), and finally sprayed with primuline (5 mg in 100 ml of acetone : water 80 : 20, v/v). Alkanes were purified in the same way, except that the plate was developed in hexane. The bands were visualized under 365 nm UV light, scratched out, extracted with CHCl 3 , and a small aliquot of each was analyzed with GC-MS. Other aliquots of the primary alcohol-containing fraction were then transferred to 2 ml vials and the solvent was evaporated.
One aliquot of TLC-purified primary alcohols was dissolved in dry CH 2 Cl 2 (1 ml), and PBr 3 (two drops) was added. The mixture was allowed to sit overnight, then saturated KBr solution (1 ml) was added, the mixture was vortexed, the organic layer was removed, the solvent evaporated, and an aliquot of the residue was derivatized with pyridine and BSTFA then analyzed with GC-MS. The remainder of the residue was dissolved in dry tetrahydrofuran (THF), then lithium aluminum hydride (LAH; 1 mg) was added. The mixture was allowed to react overnight, then 1 ml of water was added, the mixture was extracted with hexanes, the hexane solvent was evaporated, and the residue was treated with pyridine and BSTFA and analyzed with GC-MS.
A second aliquot of the TLC-purified primary alcohols was dissolved in dry CH 2 Cl 2 to which was added DMP (1 mg). This mixture was allowed to sit and react overnight, then water (1 ml) was added, the mixture was vortexed, the organic layer was removed, the solvent evaporated, and the residue derivatized with pyridine and BSTFA then analyzed with GC-MS.
Synthesis of authentic standards
Unless provided in the main text, electron impact mass spectra for the compounds listed below are provided in Supplementary Figs . S3-S10.
Tetracosanal (1). Tetracosanol (50 mg, 1 equivalent) was dissolved in freshly distilled CH 2 Cl 2 (50 ml) to which was added DMP (89 mg, 1.5 equivalents) and one drop of trifluoroacetic acid (TFA). The mixture was stirred until TLC analysis (CHCl 3 mobile phase) indicated the consumption of the starting material, then the reaction was diluted with Et 2 O (100 ml), washed with NaOH (2 Â 30 ml, 1.3 M), dried with Na 2 SO 4 and concentrated in vacuo to yield crude tetracosanal that was purified with column chromatography (CC; CHCl 3 mobile phase). MS analysis of the product revealed no traces of starting material or products of overoxidation, but some docosanal was present, presumably derived from docosanol impurity in the starting material. The solid from the product-containing fractions was used directly in the next reaction.
2-Methyloctacos-4-ene (3). (3-Benzyloxypropyl)triphenylphosphonium bromide (64 mg, 1.1 equivalent) was suspended in freshly distilled THF (25 ml) to which was added n-butyllithium (0.09 ml, 1.6 M, 1 equivalent) to generate the corresponding phosphonium ylide (2). After 15 min of stirring, tetracosanal that had been dried under high vacuum for 2 h was dissolved in THF (10 mm) and added dropwise. After 1 h stirring, the mixture was diluted with Et 2 O (50 ml), washed with H 2 O (2 Â 25 ml), and the organic layer was dried with Na 2 SO 4 and concentrated in vacuo to yield crude 3 which was purified with a short flash chromatography column (hexane mobile phase). The product of this separation was pure 3 by GC-MS analysis.
2-Methyloctacosane (4). 2-Methyloctacos-4-ene (3) was dissolved in CHCl 3 (40 ml), to which was added palladium on carbon [Pd(C), 10 mg]. The mixture was placed under a H 2 atmosphere, stirred vigorously for 12 h, then diluted with CHCl 3 (80 ml), filtered through Celite and concentrated in vacuo to yield crude 4, which was purified with TLC (hexane mobile phase). The TLC-purified product contained some unreacted starting material that was easily distinguished from the product by both retention time and mass spectral fragmentation patterns.
1,22-Docosanediol (5). Docosanedioic acid (200 mg, 1 equivalent) was added to a suspension of LAH (51 mg, 2.5 equivalents) in dry THF which was then stirred for 2 h until TLC (ethyl acetate mobile phase) indicated consumption of the starting material. A Feiser work-up was used to remove aluminum byproducts and isolate organic compounds in Et 2 O, which was then dried with Na 2 SO 4 and removed in vacuo to yield 5, which was judged to be free of side products by GC-MS analysis.
Docosanedial (6). Docosane-1,22-diol (5) was dissolved in freshly distilled CH 2 Cl 2 (50 ml) to which DMP (619 mg, 2.5 equivalents) and two drops of TFA were added. The reaction was stirred until TLC (CHCl 3 mobile phase) indicated consumption of the starting material, then the reaction was diluted with Et 2 O (100 ml), and washed with NaOH (2 Â 50 ml, 1.3 M). The organic layer was dried with Na 2 SO 4 and concentrated in vacuo. The crude product was purified with CC (CHCl 3 mobile phase), and product-containing fractions were pooled to yield 6, which was judged to be pure by GC-MS analysis; it contained no traces of starting material or overoxidation products.
(((29-Methyltriaconta-3,25-dien-1-yl)oxy)methyl)benzene (9). Isoamyltriphenylphosphonium bromide (188 mg, 1.3 equivalents) and (3-benzyloxypropyl)triphenylphosphonium bromide (160 mg, 1.3 equivalents) were suspended in dry THF (50 ml) to which was added n-butyllithium (0.46 ml, 1.6 M, 2.5 equivalents) to yield the corresponding phosphonium ylides (7 and 8). After 15 min stirring, docosanedial (6, 100 mg, 1 equivalent) dissolved in dry THF (10 ml) was added dropwise and the reaction was stirred for 2 h. Then the mixture was diluted with Et 2 O (100 ml), washed with H 2 O, dried with Na 2 SO 4 and then concentrated in vacuo. GC-MS analysis of the crude product revealed two homo addition products (iso + dialdehyde + iso; benzyl + dialdehyde + benzyl) and one hetero addition product (iso + dialdehyde + benzyl) in an approximately 1 : 4 : 5 ratio. The hetero addition product was purified with CC (CHCl 3 mobile phase) and product-containing fractions were pooled to yield 9, which was was then used directly in the next step.
29-Methyltriacontan-1-ol (10). To 9 in CHCl 3 was added Pd(C) (20 mg). The mixture was placed under a H 2 environment, stirred vigorously for 12 h, then diluted with Et 2 O (50 ml), filtered through Celite, concentrated in vacuo, purified with TLC, analyzed with GC-MS, and found to contain a C 30 iso-alcohol and an n-C 28 alcohol arising from impurities in the isoamyl triphenylphosphonium bromide reagent. Docosanal (11). This was prepared in the same way as tetracosanal (1), described above, using docosanol as a starting material.
Tricosan-2-ol (12). Compound 11 was dissolved in freshly distilled THF, capped with a septum and cooled to 0 C. Methyl magnesium bromide was added via syringe and the mixture was stirred for 30 min. After this time Et 2 O (20 ml) was added and the mixture was washed with water (2 Â 20 ml) and brine (1 Â 15 ml). The organic layer was dried with Na 2 SO 4 and concentrated in vacuo to yield 12 in high purity per GC-MS analysis. No compound corresponding to the addition of multiple methyl units was observed.
2-Bromotricosane (13). Compound 12 was dissolved in freshly distilled DCM and capped with a septum. PBr 3 was added via syringe and the reaction was stirred overnight at room temperature. The next day, the reaction was added to an ice-cold saturated solution of KBr (100 ml). This mixture was extracted with CHCl 3 (3 Â 20 ml). The combined extracts were dried with Na 2 SO 4 and concentrated in vacuo to yield crude 13, which was further purified with CC (CHCl 3 mobile phase) to yield pure 13 per GC-MS analysis.
2-Methyltricosanal (14). Mg powder was activated by stirring vigorously under N 2 overnight (Baker et al. 1991) . Then it was suspended in freshly distilled THF (10 ml). To this was added 13 and the mixture was slowly heated and refluxed for 30 min. Dimethylformamide that had been dried over activated molecular sieves was added dropwise via syringe. The mixture was allowed to reflux for 2 h, then it was cooled and poured over an ice-cold HCl solution (1 M, 30 ml). This mixture was allowed to warm to room temperature and was stirred overnight. Next, the mixture was extracted with Et 2 O (3 Â 25 ml) and the combined extracts were dried with Na 2 SO 4 and concentrated in vacuo. Crude product was purified with TLC (CHCl 3 ), and product-containing fractions were pooled and analyzed with GC-MS to characterize pure 14.
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